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ABSTRACT: When an automobile passes over a bridge dynamic effects are produced in vehicle and structure. In addition, the
bridge itself moves when exposed to the wind inducing dynamic effects on the vehicle that have to be considered. The main
objective of this work is to understand the influence of the different parameters concerning the vehicle, the bridge, the road
roughness or the wind in the comfort and safety of the vehicles when crossing bridges. Non linear finite element models are
used for structures and multibody dynamic models are employed for vehicles. The interaction between the vehicle and the bridge
is considered by contact methods. Road roughness is described by the power spectral density (PSD) proposed by the ISO 8608. To
consider that the profiles under right and left wheels are different but not independent, the hypotheses of homogeneity and isotropy
are assumed. To generate the wind velocity history along the road the Sandia method is employed. The global problem is solved
by means of the finite element method. First the methodology for modelling the interaction is verified in a benchmark. Following,
the case of a vehicle running along a rigid road and subjected to the action of the turbulent wind is analyzed and the road roughness
is incorporated in a following step. Finally the flexibility of the bridge is added to the model by making the vehicle run over the
structure. The application of this methodology will allow to understand the influence of the different parameters in the comfort and
safety of road vehicles crossing wind exposed bridges. Those results will help to recommend measures to make the traffic over
bridges more reliable without affecting the structural integrity of the viaduct.
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1 INTRODUCTION
Cars, high-sided vehicles and heavy trucks are exposed to risks
on locations where topographical features magnify the wind
effects such as embankments and bridges. Moreover, when an
automobile passes over a bridge dynamic effects are produced in
vehicle and structure. Those dynamic effects not only magnify
the forces in the bridge, but also affect the comfort and safety of
the traffic. In addition, the bridge itself moves when exposed to
the wind inducing dynamic effects on the vehicle that have to be
considered. Thus, comfort and safety of the traffic over viaducts
may be jeopardized when cross-wind is blowing. Recent work
in this field has focused on long span cable-stayed or suspension
bridges ([1], [2], [3], [4], [5]). But more conventional bridges
can also be affected by high speed cross-winds, for example
continuous approach viaducts.
Besides the cross-wind action, the road roughness is also
an important source of dynamic excitation that has to be
considered. Some previous works in this field have neglected
the differences in the road profile under the left and the right
wheels, that differences are in this work taken into account by
assuming that the road surface is homogeneous and isotropic
([6], [7]).
In section 2 vehicle, bridge and interaction models are
described. The methodology for reproducing the interaction
between the vehicle and the bridge is verified with two
benchmarks ([8], [9]). In sections 3 and 4 the methods for
computing the road profiles and the wind velocity fields are
explained. In section 5 results are presented and concluding
remarks are reported in section 6.
The understanding of the influence that the different elements
have in this dynamic problem will help in the task of
recommending measures to make the traffic over bridges more
reliable without affecting the structural integrity of the viaduct.
2 VEHICLE AND BRIDGE MODELS
The vehicle is modeled as a combination of rigid solids with
masses and rotary inertias connected by springs and dampers
which represent the dynamic properties of suspensions and
tyres. The vehicle proposed by Coleman and Baker [10] that
has been employed by other authors ([2], [5], [11]) is used in
this work. It is intented to represent high-sided vehicles that are
sensitive to the cross winds.
The model consists of one rigid body that represents the
box and four concentrated masses that represent the wheels.
These four masses are connected with the box by means of
springs and dashpots that represent the dynamic properties of
the suspensions. Another group of springs and dashpots connect
the wheel masses to the pavement and represent the dynamic
properties of the tyres. The vehicle body is assigned five degrees
of freedom: vertical displacement [yb], lateral displacement [zb],
roll [αb], yaw [βb] and pitch [γb]. Each wheel is provided
with vertical displacement [y1, y2, y3, y4] and each axle is
provided with lateral displacement [zra, z f a] so that the lateral
displacement of the two wheels in each axle is the same. Thus,
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Figure 1. Vehicle model: (a) Side view; (b) Rear view.
the model has a total of eleven DOF and includes, not only the
vertical behavior, but also the lateral one, which is necessary
for the analysis under turbulent cross winds. Figure 1 shows
a sketch of the model and table 1 summarizes its mechanical
properties. The eigenmodes of the vehicle model are reported in
table 2.
In regard to structures, previous work has focused mainly in
long span cable-stayed or suspension bridges. But problems
could also appear in more conventional bridges with shorter
spans where the wind velocity could also be high. As for
example in deep valleys or in approach viaducts of long bridges.
In this study a concrete-steel composite five-span continuous
bridge is analysed. The cross section is a 25 meters wide box
girder. The total length of the viaduct is 220 meters distributed
in five spans of 40, 45, 50, 45 and 40 meters. The road over the
bridge has two lanes per direction, the vehicle runs in the outer
lane.
Three dimensional Timoshenko beam elements are employed
to model the deck by means of the finite element method.
Rayleigh structural damping is assumed. The mechanical
properties of the bridge are not constant over its length, in table
3 some characteristics of the central cross section of the main
span are given. Table 4 reports the six first eigenmodes of the
bridge.
The whole problem is solved by the Finite Element Method in
a fully coupled system. The interaction is reproduced by a linear
penalty method between the lower nodes of the vehicle and the
bridge surface. The contact between the bridge deck and each
tyre is assumed to be a point contact and there is no sliding. The
assumption that the tyres have to be in contact with the bridge
surface is not adopted here, so each tyre can separate from the
surface. Dynamics equations are solved by direct integration
in time using the HHT method [12]. In order to verify this
methodology two benchmarks have been used ([8], [9]). Results
are in very good agreement, but they are not reported here for
the sake of brevity.
3 ROAD ROUGHNESS
The road profile irregularities can be represented with a normal
stationary ergodic random process described by its Power
Spectral Density (PSD). Several PSD functions have been
proposed by different authors (e.g. [6], [13]). A survey of
different approximations can be found in Andrén [14]. ISO 8608
[15] specifications propose a distribution for the one-sided PSD
defined by the following expression:
G(n) = G(n0)
(
n
n0
)−2
(1)
where G(n) is the one-sided power spectral density for the
spatial frequency n and G(n0) is the one-sided power spectral
density for the reference spatial frequency or wavenumber n0 =
0.1 m−1. The value for G(n0) is prescribed by ISO 8608 [15] as
a function of the road class. The road profile is generated as the
sum of a series of harmonics:
yl(x) =
Nn
∑
i
√
2G(ni)∆ncos(2pinix+φi) (2)
where φi is the random phase angle uniformly distributed from 0
to 2pi . This expression employs Nn spatial frequencies between
two values, nmin and nmax. Thus the increment value (∆n) is
constant:
∆n=
nmax−nmin
Nn
(3)
Irregularities with large wavelengths do not affect the vehicle
vertical vibration because the road elevation varies very slowly
and do not induce relevant dynamic response. So there will be
an upper limit for the considered wavelengths or a lower limit
for the spatial frequency that will depend on the vehicle features
and on the vehicle travelling speed. Usually wavelenghts higher
than 100 meters are neglected for road traffic [15]. Thus we have
a lower limit for the spatial frequency nmin = 0.01 m−1.
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Table 1. Vehicle mechanical properties.
Stiffnesses [N/m]
Element Notation Value
All tyres (vertical) ky,ti (i=1,2,3,4) 3.51 ·105
All tyres (lateral) kz,ti (i=1,2,3,4) 1.21 ·105
All suspensions (vertical) ky,si (i=1,2,3,4) 3.99 ·105
All suspensions (lateral) kz,si (i=1,2,3,4) 2.99 ·105
Dampings [N·s/m]
Element Notation Value
All tyres (vertical) cy,ti (i=1,2,3,4) 800.0
All tyres (lateral) cz,ti (i=1,2,3,4) 800.0
Rear suspensions (vertical) cy,s1,cy,s2 5180.0
Rear suspensions (lateral) cz,s1,cz,s2 5180.0
Front suspensions (vertical) cy,s3,cy,s4 23210.0
Front suspensions (lateral) cz,s3,cz,s4 23210.0
Masses [kg]
Element Notation Value
Rear wheels mt1,mt2 710.0
Front wheels mt3,mt4 800.0
Body mb 4480
Rotary inertias [kg·m2]
Element Notation Value
Body (roll) Iα,b 1349.0
Body (yaw) Iβ ,b 1.0 ·105
Body (pitch) Iγ,b 5516.0
Table 2. Vehicle eigenmodes and eigenfrequencies.
Mode Number Main body DOF Frequency [Hz]
1 z+β +α 0.98
2 z+α+β 1.18
3 y+ γ 1.81
4 α+ z 2.56
5 γ 3.29
6 α+β 4.17
7 α+ z 4.70
8 α 5.05
9 y+ γ 5.45
10 α+ z 8.22
11 γ 11.85
The enveloping effect of the tyre acts as a low-pass filter for
the road vibration input to the vehicle. The short wavelengths,
or the high spatial frequencies are not taken into consideration.
The filter effect depends on the size and construction of the tyre.
For general on-road cases this results in a lower limit for the
Table 3. Bridge properties.
Parameter Unit Value
Cross-sectional area m2 0.964
Cross-sectional vertical inertia m4 0.638
Cross-sectional transversal inertia m4 33.675
Cross-sectional torsion inertia m4 1.571
Non structural mass kg/m 11543.0
Elastic modulus N/m2 2.1 ·1011
Table 4. Bridge eigenmodes and eigenfrequencies.
Mode Number Type Frequency [Hz]
1 Vertical bending 1.82
2 Vertical bending 2.35
3 Vertical bending 2.81
4 Vertical bending 3.67
5 Vertical bending 4.07
6 Torsion 4.12
wavelength λ = 0.1 m [15]; that is, an upper limit for the spatial
frequencies of nmax = 10.0 m−1.
For the sake of shortness, comparison of generated random
profiles and target spectral densities was not included here.
Those results were in excellent agreement.
Kropac and Mucka [16] propose a relation between the
International Roughness Index, IRI ([17], [18]), and the PSD.
For the definition proposed in ISO 8608 that relation results in:
IRI = 2.21
√
G(n0)
16
(4)
Thus, we can obtain the IRI for each road class defined in the
ISO 8608 specifications or inversely obtain the value of G(n0)
to have a preset value for the IRI.
A surface description complete enough to define the profiles
under left and right tyres is needed. Making provision for the
different excitation at the two sides of a vehicle complicates
the problem. It is necessary to provide descriptions of a pair
of profiles for each case instead of only one, and this requires
the specification of the two direct spectral densities and the
two cross-spectral densities. An alternative is to describe the
surface through a two-dimensional spectral density, a function
of two wavenumbers. This process would be very long-lasting
and laborious both in data acquisition and computation. If the
hypothesis of homogeneity and isotropy is accepted the surface
description is simplified and the cross-spectral densisty can be
obtained from the direct spectral density ([6], [19], [9]).
In a homogeneous and isotropic surface every straight profile
has the same statistical characteristics, independently from its
direction or position. If we consider two parallel profiles (left
and right), their autocorrelation functions will be identical and
the cross-correlation functions are also the same:
Rl(δ ) = Rr(δ ) = R(δ ) Rlr(δ ) = Rrl(δ ) = Rx(δ ) (5)
It can be easily demonstrated ([6], [7]) that:
Rx(δ ) = R(
√
δ 2+(2b)2) (6)
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Figure 2. Coherency for vehicle width (2.20 m).
And Gx can be obtained by means of the Fourier Transform.
The two profiles direct spectral densities will be the same
(Gl(n) = Gr(n) = G(n)) and so are the two cross-spectral
densities (Grl(n) = Glr(n) = Gx(n)). Thus, the coherency
function is defined as follows [19]:
g(n) =
|Gx(n)|
G(n)
(7)
In Figure 2 coherency for two profiles at a distance of 2.20 m,
that is the vehicle width, is graphed and figure 3 shows left and
right profiles at a distance equal to 2.20 m with IRI=2.0 dm/hm.
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Figure 3. Parallel profiles at a distance of 2.20 m.
4 WIND SPEED
Turbulent wind velocity history in one point can be represented
with a normal stationary ergodic random process. In the same
way as the road roghness, it can de described by its Power
Spectral Density and the time history is generated as the sum
of a series of harmonics with frequencies in the range [0, fmax].
That range is divided in bands of equal width (∆ f ). Thus, a total
of N f =
fmax
∆ f frequencies are considered. For example for the
longitudinal component u(t):
u(t) =
N f
∑
i=1
√
2Gu( fi)∆ f cos(2pi fit+θi) (8)
where Gu( fi) is the one-sided PSD for fi = i · ∆ f , θi is the
random phase angle uniformly distributed from 0 to 2pi . v(t)
and w(t) can be computed in the same way. When not only
the time-history of one turbulent wind component is needed it is
usual to neglect the relation between the different components,
mainly when the distance to the ground is high enough, as for
example in bridge decks ([20],[21]). A spectral definition for the
three components is needed. Kaimal spectrum [22] is commonly
adopted and is the one proposed by the Eurocode [23]. An auto-
spectrum is given for each one of the three components:
f ·Gn( f )
σ2n
=
An fˆn(
1+1.5An fˆn
)5/3 n= u,v,w (9)
where f is the frequency, Gn are the one-sided PSDs, σn are the
standard deviations, fˆn means adimensional frequency and An
are constants.
To simulate time histories of the wind velocity at several
points in space it must be taken into consideration that they
are not independent. This dependency is related to the distance
between points, the closer are the points the higher is the
coherence, and also to the frequency, coherence is higher for
lower frequencies as it is related to bigger eddies.
The bridge deck is assumed to be horizontal and at a constant
distance from the ground so that the mean wind velocity is
constant over the bridge length. Horizontal homogeneity is
assumed so that the statistical properties of the wind field are
the same in the whole deck. Coherence function is then defined
as:
γn = e
−Cn f d
U n= u,v,w (10)
where f is the frequency, d is the distance between the points,
U is the mean wind speed and Cn are decay coefficients that are
assumed to be constant.
Veers ([24], [25]) presents a methodology to compute wind
velocity fields from a PSD and a coherence function, it is named
Sandia after the Sandia National Laboratories (USA), where it
was developed. Cao [21] proposed some simplifications that
make the computation faster. In this paper Sandia method is
employed as the computation time is not considered critical. A
good explanation of the method can be found in [26].
4.1 Wind forces on vehicle
The mean wind velocity (U) is supposed to be perpendicular to
the bridge axis, that is to say, perpendicular to the road. Thus
the turbulent component v is aligned with the vehicle speed. The
horizontal wind velocity at a single point is the composition of
U , u(t) and v(t) (figure 4), and will be hereinafter called Uuv. If
v is considered, the angle between the horizontal wind and the
road will be no longer constant and equal to 90o, that angle will
be called β and varies with time.
To obtain the wind velocity relative to the vehicle and the
attack angle the running speed has to be considered (figure 4)
and they can be expressed as:
Vc(t) =
√
[V +Uuv(t)cos(β (t))]2+[Uuv(t)sin(β (t))]2 (11)
ψ(t) = arctan
[
Uuv(t)sin(β (t))
V +Uuv(t)cos(β (t))
]
(12)
The wind speed velocity is computed in a series of points
where all of them are 10 meters from their neighbors. When
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Figure 4. Relative wind velocity in the vehicle.
the vehicle is between two of those points the wind velocity
has to be interpolated. The quasi-static aerodynamic forces and
moments are computed as:
FN =
1
2
ρV 2c CN(ψ)A f N = D,L,S (13a)
MN =
1
2
ρV 2c CN(ψ)A f hv N = R,Y,P (13b)
where D,L and S are for drag, lift and side forces; R,Y and P
are for roll, yaw and pitch moments respectively; ρ is the air
density; A f is the reference area of the vehicle and hv is the
reference height, that is normally taken as the vertical distance
from the vehicle centre of gravity to the ground.
The set of coefficients proposed by Snæbjörnsson [11] for
a high-sided vehicle show a good agreement with full-scale
measurements, wind tunnel tests and CFD simulations reported
in the literature [27] and have the advantage of being a complete
set with information regarding every force and moment:
CD(ψ) =−0.5(1+ sin(3ψ)) (14a)
CL(ψ) = 0.75(1.5−0.9cos(4ψ)−0.6cos(2ψ)) (14b)
CS(ψ) =−5.5sin(ψ) (14c)
CR(ψ) =−2.2sin(ψ) (14d)
CP(ψ) =−7.2sin2(ψ) (14e)
CY (ψ) = cos(4ψ)−1.0 (14f)
these coefficients are defined with respect to the centre of
gravity of the truck body.
4.2 Wind forces on bridge
The mean wind speed (U) is horizontal and perpendicular to the
deck. The component u is horizontal as well and w is vertical
and perpendicular to the bridge deck. Thus an angle α(t) is
formed by the horizontal and the total wind speed. v is neglected
when computing the effects on the bridge. Self-excited forces in
the bridge are not considered as the wind speed is low and the
displacements of the deck are small.
The drag and lift forces and the overturning moment in the
deck can be computed:
FD =
1
2
ρU2uwCD(α)A (15a)
FL =
1
2
ρU2uwCL(α)B (15b)
MO =
1
2
ρU2uwCO(α)B
2 (15c)
Figure 5. Wind velocity in the deck.
where A is the depth of the bridge cross section and B is its
width, coefficients C(α) are those reported by Strømmen [20].
5 RESULTS
In this section results obtained with the models and methods
described before are presented. First, dynamic behaviour of the
vehicle running along a rigid road is analyzed. Afterwards the
bridge is added to the model.
5.1 Vehicle running along a road
Wind velocity time histories are computed for one kilometer
of straight road. Turbulence intensity in the longitudinal
component (Iu) is set as 14 %. The other turbulence intensities
are assumed to be Iv = 0.75Iu and Iw = 0.50Iu ([20], [28], [29]).
Mean wind speeds of 5, 10, 15, 17, 20, 22 , 25 and 30 m/s have
been considered. For each value of U five time histories are
calculated in order to improve the statistical significance. The
vehicle runs along that windy stretch at different speeds (10, 30,
50, 70, 90, 110 km/h).
Two stability criteria are used in this work by means of
accident indices, rollover and side slip. Rollover accident index
considers the load transfer between vehicle sides. When there
is no load transfer the index is 0.0; when it is about to overturn,
that is, when the force at one side is null, the value is 1.0. This
index is defined as:
ηrollover =
Fy,le f t −Fy,right
Fy,le f t +Fy,right
< 1.0 (16)
where Fy,le f t and Fy,right are the vertical reaction at leeward and
windward tyres respectively, wind comes from the right of the
vehicle.
Due to the cross wind windward wheels are unloaded, if the
vertical load that the windward tyre transfer to the pavement
decreases the point when the horizontal load is higher that the
horizontal resistance may be reached and the tyre will only
bear a horizontal force equal to µFy, where µ is the frictional
coefficient and Fy is the vertical load. The rest of the horizontal
force has to be resisted by the leeward tyre. Thus the stability
criterion for lateral slip is set in that wheel:
ηsideslip =
Fz,le f t +Fz,right −µFy,right
µFy,le f t
< 1.0 (17)
where Fz means lateral force.
Overturning and side slip start always at the rear axle, where
static vertical load is lower, that is why results are shown at that
axle. By means of these criteria Critical Wind Curves (CWC)
Proceedings of the 8th International Conference on Structural Dynamics, EURODYN 2011 1485
 0
 5
 10
 15
 20
 25
 30
 35
 10  30  50  70  90  110
U
 [
m
/s
]
V [km/h]
unsafe
safe
Dry asphalt
Wet asphalt
Figure 6. CWC in a rigid road without roughness.
can be defined. That curves are graphed in figure 6 for dry
asphalt (µ = 0.9) and for wet asphalt (µ = 0.5).
Figures 11 and 12 show the root mean square of the vertical
and lateral acceleration for safeU-V pairs in dry asphalt and for
U equal to 5, 10, 15 and 20 m/s. If U=20 m/s the maximum
vehicle speed V is 70 km/h. Lateral acceleration is higher than
vertical. Figure 9 represents the mean value of the minimum
vertical load at the windward rear tyre, which is the more prone
to lift; it is the mean value of the five wind histories considered.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 10  30  50  70  90  110
V
er
ti
ca
l 
ac
ce
le
ra
ti
o
n
 [
m
/s
2
]
Vehicle speed [km/h]
U=5 m/s
U=10 m/s
U=15 m/s
U=20 m/s
Figure 7. Vehicle vertical acceleration RMS in a rigid road
without roughness.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 10  30  50  70  90  110
L
at
er
al
 a
cc
el
er
at
io
n
 [
m
/s
2
]
Vehicle speed [km/h]
U=5 m/s
U=10 m/s
U=15 m/s
U=20 m/s
Figure 8. Vehicle lateral acceleration RMS in a rigid road
without roughness.
The effect of the road roughness is now added to the model.
The road profiles have been created by setting an IRI equal
to 2.0 dm/hm. Ten different one kilometer long profiles have
been generated and have been combined with the five wind
histories, as a result we have 50 cases for each pair U-V . The
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Figure 9. Minimum vertical load under rear windward tyre in a
rigid road without roughness.
new Critical Wind Curves are graphed in figure 10. The RMS
of vertical and lateral accelerations considering both the cross
wind and the irregularities are shown in figures 11 and 12.
Lateral acceleration is almost the same that in the previous
case, showing that the wind is the dominant factor. Vertical
acceleration gets increased and the curves for different values of
U are closer showing that, with this level of irregularities, road
roughness is dominant regarding vertical acceleration. A peak
can be appreciated between 50 and 70 km/h, that happens due
to the fact that a resonant effect appears in the vehicle because
the third vehicle mode is excited by the road roughness. The
minimum vertical load at windward rear tyre is shown in figure
13. It can be seen that the pair U=20 m/s - V=70 km/h is not
safe.
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Figure 10. CWC in a rigid road with roughness (IRI=2.0
dm/hm).
5.2 Vehicle running over a bridge
The vehicle runs over the bridge described above with a mean
wind speed equal to 20 m/s and with a perfectly smooth
pavement. The maximum vehicle speed is therefore 70 km/h,
as shown before. The same wind speed is applied to a vehicle
running along a rigid road in order to assess the effect of the
bridge presence. Although the mean wind direction is horizontal
the main effects on the bridge are vertical, and the effect that the
bridge movement has on the vehicle is mainly vertical as well.
Figure 14 shows the vertical acceleration in the vehicle when it
runs at 50 km/h in the ground and in the bridge with the same
wind history. Vertical acceleration is much higher when the
vehicle is in the bridge. Figure 15 shows the vertical reaction
Proceedings of the 8th International Conference on Structural Dynamics, EURODYN 2011 1486
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 10  30  50  70  90  110
V
er
ti
ca
l 
ac
ce
le
ra
ti
o
n
 [
m
/s
2
]
Vehicle speed [km/h]
U=5 m/s
U=10 m/s
U=15 m/s
U=20 m/s
Figure 11. Vehicle vertical acceleration RMS in a rigid road
with roughness (IRI=2.0 dm/hm).
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Figure 12. Vehicle latercal acceleration RMS in a rigid road
with roughness (IRI=2.0 dm/hm).
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Figure 13. Minimum vertical load under rear windward tyre in
a rigid road with roughness (IRI=2.0 dm/hm).
on the windward rear tyre when V is 70 km/h, the vertical
reaction is almost the same. So we can conclude that the bridge
affects mainly to the comfort not to the safety. In figure 16 the
RMS of the vertical acceleration for U = 20 m/s at different
vehicle speeds is graphed. If road roughness is considered the
differences in the vertical acceleration RMS decrease (figure
17).
6 CONCLUSIONS
In this work a vehicle and a bridge have been modeled and
its interaction has been reproduced by means of finite element
models with a linear penalty contact model. Road roughness is
computed from the Power Spectral Density proposed in the ISO
8608 specifications [15], isotropy and homogeneity hypotheses
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Figure 14. Vertical acceleration in the vehicle on the bridge and
on the road (U=20 m/s - V=50 km/h).
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are assumed for considering the road profiles under left and right
tyres. Wind speed in different points is computed by the Sandia
method [25]. Those actions are applied first to the vehicle alone
and afterwards to the vehicle running over a five-span bridge.
We can come to several conclusions after the application of the
models and methods described before.
Finite Element Models with linear penalty method are
suitable for taking into account the vehicle-structure interaction
in this kind of problems.
Eigenfrequencies of the vehicle have been computed, they
are located approximately between 1 and 10 Hz. The first
eigenfrequency of the bridge is 1.82 Hz.
Critical Wind Curves are computed for the vehicle running in
the ground without roughness. When mean wind speed is higher
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Figure 17. RMS of vertical acceleration with road roughness
(IRI=2.0 dm/hm) on the bridge and on the road.
than 22 m/s safety is jeopardized. We have to keep in mind that
those CWC have been calculated with a turbulence intensity
Iu of 14 %. CWC are more restrictive when the pavement is
wet because side slip is more likely to happen. The critical
mean wind speed is then approximately 5 m/s lower than in dry
asphalt.
When road roughness is considered CWC are also more
restrictive because irregularities induce vertical excitation of the
vehicle and reduce the vertical loads under tyres. The road
profiles considered have an IRI equal to 2.0 dm/hm.
Windward rear wheel is the most prone to initiate the
overturning accident. The side slip scenario is most likely to
take place at the rear axle also.
When road roughness is taken into consideration a resonant
effect appears when the vehicle speed is between 50 and 70
km/h, that happens because the third vehicle eigenmode is
excited by the road.
Cross winds induce higher lateral accelerations than vertical.
When road irregularities are included the lateral acceleration
remains almost the same, but vertical acceleration gets higher.
That vertical acceleration is almost independent of the wind
speed, it is due to the fact that vertical effects of road profiles
with an IRI equal to 2.0 dm/hm are more important that those
coming from the wind at 20 m/s.
The lateral effects of the presence of the bridge are negligible.
But its vertical movement due to the wind induces high vertical
accelerations in the vehicle affecting the passengers comfort.
The influence on the vertical load under the tyres is lower so
the effect on safety seems to be lower.
When the road roughness is included in the vehicle-
bridge-wind problem bridge influence decreases because the
irregularities become dominant. It is important to remark that
we have used profiles with IRI equal to 2.0 dm/hm. If the IRI of
the road is lower the influence of the bridge would be higher.
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